Herpesvirus glycoproteins play dominant roles in the initiation of infection of target cells in culture and thus may also influence viral tropism in vivo. Whereas the relative contribution of several nonessential glycoproteins to neurovirulence and neurotropism of Pseudorabies virus (PrV), an alphaherpesvirus which causes Aujeszky's disease in pigs, has recently been uncovered in studies using viral deletion mutants, the importance of essential glycoproteins is more difficult to assess. We isolated an infectious PrV mutant, PrV-9112C2, which lacks the gene encoding the essential PrV glycoprotein B (gB) but stably carries in its genome and expresses the homologous gene of bovine herpesvirus 1 (BHV-1) (A. Kopp and T. C. Mettenleiter, J. Virol. 66:2754-2762, 1992). Apart from exhibiting a slight delay in penetration kinetics, PrV-9112C2 was similar in its growth characteristics in cell culture to wild-type PrV. To analyze the effect of the exchange of these homologous glycoproteins in PrV's natural host, swine, 4-week-old piglets were intranasally infected with 10 6 PFU of either wild-type PrV strain Kaplan (PrV-Ka), PrV-9112C2, or PrV-9112C2R, in which the PrV gB gene was reinserted instead of the BHV-1 gB gene. Animals infected with PrV-Ka and PrV-9112C2R showed a similar course of disease, i.e., high fever, marked respiratory symptoms but minimal neurological disorders, and excretion of high amounts of virus. All animals survived the infection. In contrast, animals infected with PrV-9112C2 showed no respiratory symptoms and developed only mild fever. However, on day 5 after infection, all piglets developed severe central nervous system (CNS) symptoms leading to death within 48 to 72 h. Detailed histological analyses showed that PrV-9112C2R infected all regions of the nasal mucosa and subsequently spread to the CNS preferentially by the trigeminal route. In contrast, PrV-9112C2 primarily infected the olfactory epithelium and spread via the olfactory route. In the CNS, more viral antigen and significantly more pronounced histological changes resulting in more severe encephalitis were found after PrV-9112C2 infection. Thus, our results demonstrate that replacement of PrV gB by the homologous BHV-1 glycoprotein resulted in a dramatic increase in neurovirulence combined with an alteration in the route of neuroinvasion, indicating that the essential gB is involved in determining neurotropism and neurovirulence of PrV.
Pseudorabies virus (PrV) and Bovine herpesvirus 1 (BHV-1) are related alphaherpesviruses of the genus Varicellovirus. PrV, also designated Suid herpesvirus 1, is the causative agent of Aujeszky's disease (AD), a serious illness in domestic and wild animals. PrV has a broad host range and productively infects birds and most mammals, except for horses and higher primates including humans, which are resistant to infection (reviewed in reference 25) . Whereas mortality in most infected species regularly amounts to 100%, pigs can survive a productive infection and remain latently infected for life. Thus, pigs are considered the natural host of PrV. Symptoms of AD consist of high fever, respiratory and central nervous system (CNS) disorders, and reproductive failures due to infection in utero. In contrast, BHV-1 has a restricted natural host range, infecting only ruminants and producing relatively minor symptoms related primarily to infection of nasal and genital mucosae (13) . However, abortions may also occur. Neurovirulent BHV strains previously classified as BHV-1 are now designated BHV-5 (39) . Thus, whereas PrV demonstrates a pronounced neurovirulence, BHV-1 does not. However, both viruses can infect neurons and remain latent in them for the life of the animal.
Natural infection with PrV normally occurs via the oronasopharyngeal route. Primary virus replication occurs in the mucosal surfaces, mostly in nonneuronal cells. Subsequently, the virus infects neurons via nerve endings in the mucosae and ascends toward the CNS, resulting in a nonsuppurative meningoencephalitis (8, 34) . The oronasopharyngeal mucosa is innervated by six major brain nerves, from which the nervus olfactorius and nervus trigeminus supply the nasal mucosa. The rostral parts of the nasal cavity (regio cutanea and regio respiratoria) are innervated only by the nervus trigeminus, whereas the olfactory epithelium (regio olfactoria) in the caudal parts of the nasal cavity contains both olfactory and trigeminal nerve endings (32) . Characteristically, the olfactory epithelium exhibits high numbers of olfactory receptor cells, which are free-ending nerve cells localized in the epithelial layer. They are part of the olfactory pathway whose axon bundles (fila olfactoria) lead to the cerebrum via the olfactory bulb and the pedunculus olfactorius. In contrast, the nervus trigeminus with all of its branches converges in the trigeminal ganglion leading to the pons and the brain stem. Therefore, after primary replication in the nasal mucosa, these two routes repre-sent the major ways of viral neuroinvasion toward the CNS (20, 21, 30) , and the olfactory bulb and the sensory ganglia are major sites of latent virus (40) .
Herpesvirus glycoproteins are involved in crucial steps during virus infection, in particular attachment to and penetration into target cells and direct cell-to-cell spread (24, 43) . Glycoprotein B (gB) is the most highly conserved herpesvirus glycoprotein, and homologs have been detected throughout members of the Herpesviridae (35) . It is essential for penetration, i.e., fusion between virion envelope and cellular cytoplasmic membrane, and transcellular infection by direct viral cell-tocell spread (43) . It is also required for neuroinvasion and transneuronal spread in vivo (1) . Functional homology of gB proteins could be demonstrated by heterologous complementation. BHV-1 gB, which exhibits 63% amino acid identity to PrV gB, was able to complement a lethal gB deletion in PrV (37) , and PrV gB complemented a gB Ϫ herpes simplex virus type 1 (HSV-1) mutant (27) . Thus, a PrV recombinant which lacked PrV gB but stably carries in its genome the BHV-1 gB gene could be isolated (19) . Expression of BHV-1 gB in gBdeficient PrV (PrV-gB Ϫ ) restored infectivity, one-step growth kinetics, and in vitro host range to levels similar to wild-type PrV levels. The only difference observed was a slight delay in penetration (19) .
gB of herpesviruses has also been implicated in viral pathogenesis. Several syn mutations in the HSV-1 gB directly affected pathogenesis in mice (7, 10, 45) . Mutations in gB also altered neuroinvasion in a mouse footpad infection model (48) . In human cytomegalovirus, differences in gB genes correlated with viral tropism in vivo and virulence (29) . To investigate the role of gB in infection of a natural herpesvirus-host system, wild-type PrV, the BHV-1 gB recombinant PrV-9112C2, and a matching revertant in which the BHV gene was replaced by the parental pseudorabies gene were compared after intranasal infection of pigs.
MATERIALS AND METHODS
Virus strains and cells. PrV strain Kaplan (PrV-Ka) (15) was used as the wild-type strain. PrV-Ka is a mildly virulent strain which had been used for decades. Construction of the BHV-1 gB-expressing PrV-gB Ϫ recombinant PrV-9112C2 has been described elsewhere (19) . Viruses were grown in Madin-Darby bovine kidney (MDBK) cells. Infectious titers of virus stocks were assayed on MDBK cells as described elsewhere (11) .
Isolation of rescuant PrV-9112C2R. To restore PrV gB expression in PrV-9112C2, purified PrV-9112C2 DNA was cotransfected into Vero cells with PrV gB expression plasmid gB-CMV (12) by calcium phosphate coprecipitation (14) . Resulting virus progeny was titrated on MDBK cells and analyzed by black plaque assay (Vectastain, Camon, Germany) for PrV gB expression, using monoclonal antibody (MAb) 5/14 (23) . Positive plaques were picked and propagated on MDBK cells. To further select for PrV gB expression, virus progeny was incubated for 2 h at 37°C in the presence of rabbit complement with anti-BHV-1 gB MAb 42/18/7 (generously provided by G. Keil, Insel Riems, Germany), plated onto MDBK cells, and screened again. After three rounds of plaque purification, one isolate was randomly picked and analyzed by Southern blotting for correct insertion of the PrV gB gene (data not shown). Expression of PrV gB and absence of BHV-1 gB was verified by indirect immunofluorescence and radioimmunoprecipitation using specific MAbs (data not shown).
Design of animal experiments. For all experiments, 4-week-old piglets seronegative for PrV were obtained from local farms, housed in isolation, and fed with commercial food and water ad libitum. After 7 days to allow adjustment of the animals to the housing conditions, animals were infected intranasally with 1 ml of virus suspension containing 10 6 PFU. Animals were observed twice a day for clinical signs, and their rectal temperature was measured. Severity of observed clinical symptoms was assessed as (i) elevated temperature below 41°C; (ii) fever above 41°C correlated with respiratory distress; (iii) ataxia, behavior disorders, and severe respiratory disorders such as rhinitis or pneumonia; (iv) severe convulsions and/or temporary paralyses; and (v) moribund state or death.
A total of three animal experiments were performed. In the first experiment, wild-type PrV-Ka was compared to PrV-9112C2 in four pigs each. In the second experiment, PrV-9112C2R was used for infection of two pigs to assay for a wild-type PrV phenotype. In the third experiment, eight piglets per group were infected with either PrV-9112C2 or PrV-9112C2R to establish kinetics of infection and histopathology.
Sampling of tissues. Animals were electrically stunned and rendered unconscious, sacrificed, and necropsied. Tissue samples were collected as indicated from the nasal mucosa (regio cutanea, regio respiratoria, and regio olfactoria), nervus olfactorius, ganglion trigeminale, medulla oblongata, pons, mesencephalon, diencephalon, bulbus olfactorius, pedunculus olfactorius, cerebrum, cerebellum, tonsils, and lungs for virus isolation, indirect immunofluorescence on cryosections, and histopathology.
Determination of virus excretion. To determine the titer of excreted virus, nasal swabs were taken at daily intervals from each animal. After incubation at 4°C overnight in 1 ml of minimal essential medium (MEM) infectivity was titrated on MDBK cells as described elsewhere (11, 12) .
Virus isolation. Tissue samples were weighed, incubated in MEM-5% fetal bovine serum, and ground in a mortar to produce a homogeneous tissue suspension. The final volume was measured, and the suspension was titrated on MDBK cells in 10-fold dilutions. After 3 days at 37°C, cells were fixed with 2% formalin and stained with crystal violet, and plaques were counted. Virus titers were calculated per gram of tissue.
Indirect immunofluorescence. PrV antigen-positive cells were identified by indirect immunofluorescence in cryosections, using MAb B16-c8 directed against gC (B. G. Klupp and E. Weiland, unpublished results). Tissue samples were snap frozen in n-heptane (Ϫ70°C), and cryosections were fixed with acetone at Ϫ20°C for 10 to 15 min. Sections were then equilibrated to room temperature and preincubated in phosphate-buffered saline (PBS) containing 5% bovine serum albumin (BSA) for 10 min. Subsequently, they were incubated with MAb B16-c8 diluted in PBS-2% BSA and fluorescein isothiocyanate-labeled secondary goat F(ab)2 anti-mouse immunoglobulins G plus M (heavy plus light chains) (Caltag Laboratories, Medac, Germany). The secondary antibody was diluted in PBS-2% BSA and mixed at a ratio of 3:1 with 0.005% Evans blue solution. Parallel sections were incubated with control MAb 934/H1 (directed against the S protein of mouse hepatitis coronavirus; kindly provided by H. Wege, Insel Riems, Germany). Cryosections from noninfected animals were processed in parallel. All sections were sealed with fluorescence maintenance buffer containing 2.5% DABCO (Sigma, Deisenhofen, Germany) diluted in 90% glycerol-10% PBS (pH 8.6). For evaluation and microphotography, an Optiphot 2 fluorescence microscope (Nikon, Tokyo, Japan) was used. One cryosection per animal was used to semiquantitatively determine the number of positive cells.
Histology. Tissue samples 2 mm thick were fixed for 20 h in 4% neutral buffered formalin (Merck, Darmstadt Germany) and subsequently embedded in paraffin (Merck), using an automatic tissue processor. Paraffin sections were stained with hematoxylin-eosin and sealed with balsam. For histological evaluation and microphotography, a Jenaval microscope (Carl Zeiss, Jena, Germany) was used. The extent of encephalitis was estimated by counting of encephalitic foci irrespective of their size. Encephalitic foci were defined as vessels with perivascular cellular infiltrations and focal gliosis with more than 10 glial cells per focus. For every section, the average number of encephalitic foci per 25 mm 2 was calculated.
RESULTS

Altered pathogenesis in PrV-9112C2-infected pigs.
To assay pathogenicity of BHV-1 gB-expressing PrV recombinant PrV-9112C2, four piglets each were infected intranasally with 10 6 PFU of wild-type PrV-Ka (group I) or PrV-9112C2 (group II). Results are summarized in Fig. 1 . Two days postinfection (dpi) animals of group I showed high fever with body temperatures rising to 41.5 to 42°C. On days 2 or 3 postinfection (p.i.) they developed respiratory symptoms correlating with a decrease in food uptake, which resulted in a worsening of their overall condition. At day 5 p.i., all animals in this group exhibited severe respiratory symptoms such as rhinitis with purulent discharge. In addition, one piglet exhibited CNS symptoms including ataxia and convulsions. However, from day 6 all animals steadily improved and appeared normal on day 10 after infection.
In contrast, group II animals developed only mild symptoms with moderate fever during the first 5 dpi. Their feeding was normal, and no respiratory symptoms were observed in this group at any time. Surprisingly, on day 5 p.i. the condition of all animals within this group rapidly declined; they stopped feeding, showed signs of vomiting, and within hours developed severe CNS symptoms (e.g., disordered behavior, ataxia, opisthotonus, convulsions, and paralysis). Subsequently, all piglets of this group had to be euthanized in moribund state within the next 3 days.
To analyze virus excretion, nasal swabs were taken daily and titrated. As shown in Fig. 2 , animals infected with PrV-Ka showed the typical course of virus shedding, with peak titers reaching nearly 10 7 PFU per ml on days 3 to 4 p.i. and declining thereafter until the end of the experiment. In comparison, animals infected with PrV-9112C2 excreted ca. 100-fold less virus, with titers between 10 4 and 10 5 PFU per ml, and there was no indication of an increase in virus excretion before death of the animals.
Thus, although PrV-9112C2 appeared to replicate to a sig- nificantly lesser extent in the nasal tissues compared to PrVKa, which correlated with absence of respiratory symptoms, it proved to be highly neurovirulent. Altered neurovirulence in PrV-9112C2 is due to expression of BHV-1 gB. Since this phenotype was unexpected and very striking, we wanted to verify that the observed alteration in virulence was caused by expression of the heterologous gB. Therefore, we constructed a rescuant from PrV-9112C2, designated as PrV-9112C2R, in which the BHV-1 gB gene was substituted by the PrV gB gene, thus reconstituting the wildtype genotype. After infection of cultured cells with PrV-9112C2, no difference was observed compared to PrV-Ka (data not shown). To analyze the phenotype in vivo, two pigs were infected intranasally with 10 6 PFU of PrV-9112C2R. Both animals developed high fever with temperatures above 41°C and severe respiratory symptoms. At days 5 and 6 p.i., one animal exhibited neurological symptoms; from day 6 p.i. onward, however, the condition of both animals improved, and they survived the infection. Thus, PrV-9112C2R infection produced a clinical picture similar to that observed after infection with PrV-Ka (summarized in Table 1 ). This was also true for excretion of infectious virus, since virus titers in nasal swabs rose to ca. 10 7 PFU per ml. We conclude that the alteration in virulence of PrV-9112C2 was caused by the insertion of the BHV-1 gB gene into PrV-gB Ϫ . Alteration of neuroinvasion and neurovirulence by expression of heterologous gB. To determine whether the change in neurovirulence was correlated with an alteration in cell tropism and/or neuroinvasiveness, two groups of eight piglets each were infected with PrV-9112C2R (group I) or PrV-9112C2 (group II). Four animals were inoculated with MEM only as negative controls (group III). At each of the following days after infection one animal from groups I and II, and on every second day one animal of group III, were euthanized, necropsied, and analyzed.
Clinical course and virus excretion. Starting at day 2 p.i., the group I animals showed high fever with temperatures increasing up to 41.5°C, a worsening in overall condition, and severe respiratory symptoms. In contrast, animals of group II did not develop any respiratory symptoms and displayed only low fever. However, as previously observed (see above), at day 5 p.i., within hours all animals developed severe CNS symptoms and had to be euthanized within the following 48 h. None of the control animals exhibited any signs of disease. In nasal secretions of PrV-9112C2R-infected animals, titers of up to 10 7 PFU per ml were reached, whereas titers in PrV-9112C2-infected animals amounted to only ca. 10 5 PFU per ml, which was again as observed before (see above). Thus, there was an excellent reproducibility of these parameters given the fact that outbred animals were used for the experiments.
Virus isolation. Virus titers in organs were determined by titration of homogenized tissue suspensions on MDBK cells. As shown in Table 2 , high amounts of infectious virus were recovered from all regions of the nasal mucosa of PrV- 9112C2R-infected animals, whereas from PrV-9112C2-infected pigs generally lower amounts of virus were isolated, in particular from the regio cutanea. However, at early stages p.i. virus was detected in the regio olfactoria of PrV-9112C2-infected animals but was still undetectable in this region of PrV-9112C2R-infected pigs. Correlating with this finding, high amounts of PrV-9112C2 were found in the olfactorial bulb at 2 dpi. These data indicated that the preferred route of neuroinvasion of PrV-9112C2 is the olfactory pathway, which is in contrast to the situation in PrV-9112C2R. In the CNS, PrV-9112C2 could be detected in higher amounts later after infection compared to PrV-9112C2R, particularly in the cerebellum. These results explain the severe CNS symptoms seen in PrV-9112C2-infected animals. To ascertain correct infection, reisolated viruses were genotyped by Southern blotting of BamHI-digested viral DNA. All analyzed samples showed the expected genotype (data not shown).
Demonstration of PrV antigen by immunofluorescence in cryosections.
PrV antigen-positive cells were identified by using anti-gC MAb B16-c8. As summarized in Table 3 , a good correlation between virus isolation and semiquantitative evaluation of immunofluorescence was observed. After inoculation with PrV-9112C2R, infected cells could be found in all examined parts of the nasal mucosa. In contrast, no infection by PrV-9112C2 of the regio cutanea and only moderate infection of the regio respiratoria were observed, correlating with the lack of detectable respiratory symptoms, the lower amount of virus shedding, and the decreased amounts of isolated virus. However, a severe infection of the olfactory mucosa was observed. Viral antigen was detected mainly in cells of the covering mucosal epithelium, less often in the glandular epithelium and in desquamated epithelial cells, and more rarely in macrophages of the lamina propria. PrV antigen was present in the olfactory mucosa in single nerve fibers and in axon bundles of the fila olfactoria (Fig. 3A, D, and E) .
In the trigeminal ganglion, more PrV antigen-positive nerve fibers and perikarya were found after inoculation with PrV-9112C2R, especially between days 3 and 5 p.i., when more than 100 PrV-positive nerve fibers and numerous positive perikarya per section could be found (Fig. 3B) . In PrV-9112C2-infected pigs, considerably lower numbers of PrV-positive neurons (fewer than 10 positive nerve fibers or 5 positive perikarya per section) were observed. Conversely, in the bulbus olfactorius and pedunculus olfactorius, high numbers of PrV-9112C2-infected neurons were present between days 3 and 6 p.i., with sometimes more than 500 PrV-antigen positive perikarya or more than 50 plaques per section. In contrast, in PrV-9112C2R-infected pigs, fewer positive cells were detected beginning on day 4 p.i. In the other brain regions, considerably more PrV antigen-positive cells were found in PrV-9112C2-infected animals, with a maximum at days 5 and 6 p.i. (Table 3 ; Fig. 3F ). However, as early as 2 dpi, positive cells could be found in the medulla oblongata of PrV-9112C2R-infected animals (Fig. 3C) , which is suggestive of the trigeminal pathway. In the tonsils, PrV-positive crypt cells of the epithelium and the lining lymphoid tissue were detectable only after infection with PrV-9112C2R. Neither mutant could be detected in lung samples. All control sections were clearly negative.
Histological alterations. After infection with either virus mutant, we observed desquamation, degeneration, and focal necrosis of the mucosal epithelium in the nasal cavity which was rapidly followed by an inflammatory response. As observed by virus isolation and immunofluorescence, PrV-9112C2R affected all areas to similar extents, resulting in focal desquamation and degeneration of the epithelium at 2 dpi and larger epithelial erosions, focal necrosis of the mucosa and lining of the lamina propria, and infiltration of macrophages together with a lower number of lymphocytes and polymorphonuclear neutrophilic granulocytes at 4 dpi. In contrast, PrV-9112C2 produced no lesions in the regio cutanea, only moderate alterations in the regio respiratoria, but severe inflammation in the regio olfactoria (data not shown).
In the trigeminal ganglion, both mutants caused a ganglioneuritis characterized by degeneration of perikarya and infiltration of macrophages and lymphocytes. However, the extent of inflammation differed between the two groups. Two days after infection with PrV-9112C2R, we observed a ganglioneuritis which increased in severity until 6 dpi (see Fig. 5 ). After a Evaluation: ϩ, Ͻ50 cells in nasal mucosa and tonsils, Ͻ10 nerve fibers and/or 5 perikarya in trigeminal ganglion, Ͻ25 large perikarya and/or Ͻ5 plaques with Ͻ30 small perikarya in brain; ϩϩ, Ͻ150 cells in nasal mucosa and tonsils, Ͻ50 nerve fibers and/or 10 perikarya in trigeminal ganglion, Ͻ200 large perikarya and/or Ͻ20 plaques with Ͻ30 small perikarya in brain; ϩϩϩ, Ͻ300 cells in nasal mucosa and tonsils, Ͻ100 nerve fibers and/or 20 perikarya in trigeminal ganglion, Ͻ500 large perikarya and/or Ͻ50 plaques with Ͻ30 small perikarya in brain; ϩϩϩϩ, Ͼ300 cells in nasal mucosa and tonsils, Ͼ100 nerve fibers and/or 50 perikarya in trigeminal ganglion, Ͼ500 large perikarya and/or Ͼ50 plaques with Ͻ30 small perikarya in brain.
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infection with PrV-9112C2, ganglioneuritis was first observed at 3 dpi and was significantly less severe. Conversely, in the olfactory bulb and pedunculi, infection with PrV-9112C2 resulted in a severe nonsuppurative encephalitis starting at day 3 p.i. (Fig. 4 and 5 ), whereas infection with PrV-9112C2R led to only a mild encephalitis at day 2 and a delayed severe encephalitis starting only on day 5 p.i. (Fig. 4 and 5 ). In the other areas of the brain, both mutants caused also a nonsup- purative encephalitis characterized by perivascular infiltration with lymphocytes and macrophages, multifocal gliosis, and neuronal degeneration. However, the time of onset and the extent of the encephalitic foci were different for the two mutants (Fig. 4 and 5) . In the medulla oblongata and pons, moderate inflammation was caused by PrV-9112C2R between 2 and 8 dpi. In contrast, PrV-9112C2 infection resulted in only minimal encephalitic lesions between 2 and 5 dpi but induced severe inflammation on days 6 and 7 p.i. (Fig. 4 and 5) . Similar differences were found in the mesencephalon, diencephalon, cerebrum, and cerebellum, although the severity of encephalitis was less than in the medulla and pons. Interestingly, the onset and extent of encephalitic changes correlated well with the onset and severity of neurological symptoms in PrV-9112C2-infected animals.
DISCUSSION
One of the hallmarks of alphaherpesviruses is their ability to invade the host nervous system and productively replicate or establish latency in neuronal cells (8, 9) . Natural infection by PrV normally occurs via the oronasopharyngeal route, with primary replication taking place in the oronasopharyngeal mucosa, mainly in nonneuronal cells, which results in severe respiratory disorder. Subsequently, neuroinvasion occurs by infection of nerve endings in the nasal mucosa and spread via infected nerves toward the CNS, resulting in a nonsuppurative meningoencephalitis (5, 8) . In this stage, virus can be isolated from the olfactory bulb, sensory ganglia, tonsils, and lymphoid tissues (3, 34) . Pathogenicity and virulence depend on the infecting virus strain, infectious dose, age and constitution of the animal, route of virus uptake, and environmental conditions.
In this study, we demonstrated that infection with the BHV-1 gB-expressing recombinant PrV-9112C2 (19) resulted in a drastic alteration in virulence. When outbred animals housed in parallel were infected with PrV-9112C2, no respiratory symptoms were observed and virus titers in nasal secretions were 100-to 1,000-fold lower than after wild-type virus infection. Absence of respiratory symptoms and decreased virus excretion correlated with inability of the mutant virus to infect the nasal epithelium to the same extent as wild-type or revertant virus. Immunohistological analyses showed absence of infected cells and viral lesions in the regio cutanea and less efficient infection in the respiratory epithelium. In contrast, the olfactory epithelium was infected to a greater extent than after infection with revertant PrV-9112C2R. Thus, PrV-9112C2 appears to replicate preferentially in the olfactory epithelium. Although no PrV-9112C2-infected cells were observed in the regio cutanea, infectious virus could be recovered from this part of the nasal mucosa, possibly due to contamination by nasal secretions derived from the upper parts of the nasal mucosa.
After intranasal inoculation, PrV-9112C2 replicated efficiently in the olfactory epithelium and to a lesser extent also in the respiratory epithelium, whereas infected cells were not detected in the regio cutanea. This finding indicates that the virus has lost the ability to infect these epithelial cells directly. However, in the regio olfactoria and bordering areas of the regio respiratoria there are olfactory receptor cells which represent free-ending bipolar nerve cells. Their cell body is part of the epithelial layer and surrounded by sustentacular and basal cells. The dendrite extends from the cell body to the periphery and ends as a small swelling with extremely long cilia (47) . We speculate that PrV-9112C2 may directly infect olfactory cells via their dendrites and spread to neighboring nonneuronal cells by direct viral cell-to-cell spread.
Neuroinvasion of PrV occurs by ascending within the axon via anterograde and retrograde transport (2, 4, 6, 20, 21, 30) . Innervation of the nasal mucosa is provided by the olfactory and trigeminal nerves. Whereas the mucocutaneous and respiratory epithelial layers of the nasal mucosa are supplied by branches of the trigeminal nerve, the olfactory epithelium is supplied by both the olfactory and trigeminal nerves, with olfactory receptor cells themselves being part of the olfactory nerve. Correlating with its increased ability to replicate in the olfactory epithelium, PrV-9112C2 efficiently replicated in the olfactory bulb already at early stages after infection, as demonstrated by virus isolation and immunofluorescence, whereas the trigeminal ganglion appeared to be less infected. In contrast, PrV-9112C2R was detected primarily in the trigeminal pathway, with a more severe ganglioneuritis in the trigeminal ganglion during the first 5 days after infection. However, extensive spread in the CNS was not observed, which explains the only sporadic neurological symptoms. PrV-9112C2 infection produced severe neurological disorders starting at day 5 p.i., which correlates well with viral invasion of the brain which was detected at the same time.
PrV infects a wide range of neurons in the peripheral and CNS, which makes it a preferred candidate for tracing neural circuits in the brain (9, 26, 41) . Infection directs a focused, temporally organized response of microglia and brain macrophages to areas of pathological alterations (4, 36, 38) . It was speculated that infiltrating lymphocytes may be directed by signals from infected neurons or surrounding glial cells, e.g., astrocytes, by expressing adhesion molecules and chemoattractants. In this study, we counted histological alterations including focal lesions, perivascular infiltrations, and gliosis and found significantly more alterations in the CNS of PrV-9112C2-infected animals. This observation explains the more severe clinical symptoms and confirms that expression of BHV-1 gB in a PrV-gB Ϫ strain results in a dramatic increase in neurovirulence.
Encephalitic lesions in the CNS were particularly pronounced after infection with PrV-9112C2 in the medulla oblongata and pons at days 6 and 7 p.i.; in comparison, PrV-9112C2R infection produced encephalitic foci from 2 dpi onward at lower levels. Since both areas are directly accessible via the trigeminal pathway, both viruses could reach these target tissues via the ganglion trigeminale. Virus detection and inflammation in the ganglion trigeminale, the extent of encephalitis in the medulla oblongata and pons, and the significant decrease of intensity of encephalitis in the mesencephalon and diencephalon argue against a preferential accession to these areas via the olfactory pathway after PrV-9112C2 infection. However, we cannot exclude infection of the brain stem by PrV-9112C2 via the olfactory pathway through the brain. Unfortunately, localization of encephalitic lesions in medulla oblongata and pons did not allow any conclusion as to the preferred route of invasion. The late onset of neurological symptoms after PrV-9112C2 infection may be due to a less efficient use of the trigeminal pathway, as indicated by the limited presence of PrV-infected cells in the trigeminal ganglion (Table 3) . Surprisingly, virus could be isolated at relatively high titers ( Table 2 ). The reason for this discrepancy is unclear. However, once it reaches the brain, PrV-9112C2 is able to rapidly spread to different parts of the CNS, which parallels the development of severe neurological disorders. In contrast, PrV-9112C2R did not spread to a significant extent in the CNS, and symptoms were only sporadically observed. Thus, the preferential infection of the olfactory pathway by PrV-9112C2 may be unrelated to the increase in neurovirulence in the CNS, which could constitute two separate manifestations of the gB exchange.
The molecular basis for neurovirulence of alphaherpesviruses is still largely unknown. Characterization of attenuated strains or genetically engineered virus mutants allowed the identification of several gene products, such as viral glycoproteins or enzymes which affect neurovirulence (reviewed in reference 26). The glycoprotein E homologues are probably the best-analyzed envelope glycoproteins with an effect on viral neuroinvasion. Deletion of gE from the PrV genome has been shown to decrease virulence for pigs (28) by a block in infection of secondary neurons (20, 21, 30) . Replication in the nasal mucosa and infection of primary neurons by gE-deleted virus strains probably is not or only slightly affected by deletion of gE (16, 20, 21) . gE is also important for infection of certain neuronal circuits in the rat brain (6) . It is generally believed that the noncovalently linked complex of gE and gI (49) is responsible for this effect since gI deletion mutants are also attenuated in neurovirulence (12, 21, 46) . A defect in neuronal spread in the absence of the PrV gE/I proteins could partially be complemented by the homologous BHV-1 proteins in a rodent model (18) . However, virulence and CNS invasiveness may be separate phenotypic manifestations of the role of gE in neuronal infection, since in the rat model, mutations in the carboxy terminus of gE significantly increase the survival time of the animals despite a more extensive spread in the CNS as compared to wild-type virus (44) .
So far, the essential glycoprotein gB has been implicated in viral pathogenesis and virulence by several groups. Absence of gB results in loss of infectivity, as observed in cell culture, and after infection of primary target cells in vivo by phenotypically complemented mutant virus, viral spread does not occur (1, 31, 33, 37) . Mutations in the cytoplasmic domain of gB resulting in a syncytial phenotype profoundly influence pathogenesis in vivo (7, 10, 42, 45) . We show here that exchange of PrV gB by the homologous BHV-1 gB resulted in a dramatic increase in neurovirulence. This was unexpected since analyses in cell culture did not reveal any particular phenotype of recombinant PrV-9112C2 compared to wild-type PrV besides a slight delay in penetration. Also, virus excretion from intranasally infected animals did not indicate any growth advantage of the virus in vivo. However, the efficient replication of PrV-9112C2 in the olfactory epithelium and its successful invasion of the CNS resulted in a dramatic phenotype which we never observed before. Thus, our results demonstrate an important role for alphaherpesvirus gB in neurovirulence.
The reason for this effect of BHV-1 gB expression is unclear. BHV-1 strain Schönböken, from which the gB gene was derived, is not particularly neurovirulent although it can enter neurons and establish latency. Thus, other factors may play a more prominent role than gB in neurotropism of this virus. However, when placed in a different background, in this case PrV, the heterologous gB exerts a profound influence on the biological properties of the recipient virus. BHV-1 gB has been postulated to have receptor-binding properties (22) besides interaction with heparan sulfate, which does apparently not occur in a PrV background (17) . Thus, the observed phenomena may involve alterations in receptor recognition. Whatever the reason, in the light of our results, construction and evaluation of herpesvirus vectors expressing foreign proteins should be carried out with proper caution.
